In this work, cooperative spectrum sensing technology is applied to optimize the outage probability of cognitive relay networks. The outage performance optimization problem of cognitive relay networks is resolved by designing the sensing time and fusion rule threshold appropriately. The outage probability by high signal to noise ratio (SNR) approximation under Rayleigh fading channels is derived theoretically, and the solution of optimal fusion rule threshold is given. Theoretical analysis and simulation results illustrate that the optimal sensing time and fusion rule threshold exist to minimize the outage probability. The outage performance of cognitive relay networks is significantly improved under the assistance of cooperative sensing compared with that of non-cooperative sensing scheme.
Introduction
Cognitive radio technology is the key technology to realize dynamic spectrum access, which can effectively solve the problem of spectrum resources shortage, and can provide precious spectrum resources to support the fast development of wireless communication. The detection performance of spectrum sensing can be drastically degraded, due to multipath fading, shadowing and receiver uncertainty. Therefore, cooperative spectrum sensing is considered to enhance sensing performance [1] [2] [3] . In [2, 4] , it is shown that the sensing time can be shorter and the flexibility of sensing can be improved by considering cooperative sensing. The throughput and spectrum efficiency of cognitive radio networks can be greatly improved by applying cooperative sensing based on hard decision fusion rule [5, 6] , and the detection performance of hard decision fusion rule is approximate to that of soft decision fusion scheme. In cognitive radio networks, the spectrum holes detection is related to data transmission. Therefore, they should be designed and optimized together. Spectrum sensing and data transmission were jointly designed in [7] , and there existed optimal sensing time to maximize the throughput of cognitive radio networks under the constraint of enough protection of primary user. Cluster-based cooperative sensing was researched in [8] ; the throughput of cognitive radio networks was significantly improved through sensing time and throughput tradeoff. The outage probability of cognitive relay networks was investigated in [9] , the optimal sensing overhead was designed to minimize the outage probability of cognitive relay networks. In [10] , authors investigated the outage performance of cognitive radio network where secondary receiver does not suffer any interference from primary user. The outage performance of cognitive relay networks under imperfect channel knowledge estimations was studied [11] , and the impact of the number of relays and channel state information on the outage performance was analyzed. In [12] , authors studied the outage performance of cognitive relay network based on decode and forward mode, and the results showed that both the relay selection scheme and the number of relays had great impact on the outage performance. In [13] , the outage performance of cognitive relay networks was researched, and it was improved under relay-assisted transmission. In [14] , authors investigated the transmission capacity of cognitive radio network under the outage constraints from the primary network with or without cooperative relaying, and analyzed the impact of the location of the relay.
However, the previous work did not take cooperative sensing into account to investigate the outage performance of cognitive relay network. In view of this, we investigate outage probability optimization problem of cognitive relay network based on cooperative sensing, in which cognitive users can periodically monitor the licensed frequency band to decide whether to transmit data or wait for the next frame. We establish a cognitive relay network model described by two variables, namely, sensing durations and fusion rule threshold. It is approved that there exist optimal sensing duration and an optimal fusion rule threshold to improve the outage performance of cognitive relay network.
The remainder of this paper is organized as follows: Section II depicts the system model. In Section III, the outage probability optimization of cognitive relay network is derived and explained in detail. In Section IV, the numerical and simulation results are demonstrated. Finally, Section V concludes this paper.
System Model
We consider a cognitive relay cooperative transmission system model as shown in Figure 1 , where the cognitive relay (CR) helps the cognitive source (CS) for data transmission. Each transmission link between any two nodes is modeled as a Rayleigh fading channel. One can see that the whole cognitive transmission process can be divided into two phases, namely the spectrum holes detection of the licensed spectrum band and the cognitive data transmission. As Figure 2 depicts, the cognitive data transmission phase is divided into one sensing slot and two data transmission slots. Suppose τ is the spectrum sensing duration and T is the frame duration, then the overall data transmission duration is derived as T -τ.
In cognitive relay networks, once cognitive users have detected idle licensed spectrum bands, they will utilize the chances to transmit data to their destinations in the assistance of cognitive relay. Each cognitive node is equipped with single antenna and cannot send and receive data at the same time. The cognitive relay helps the cognitive source forwarding information to the cognitive destination with amplify-and-forward (AF) mode. The cognitive relay cooperative transmission scheme is shown in Table 1 . At the beginning of the cognitive data transmission phase, the cognitive source broadcasts its information to both the cognitive relay and the cognitive destination within the transmission slot 1. After that, CR retransmits the received data to CD with amplify-and-forward (AF) mode, while CS does not broadcast any information in the transmission slot 2. Throughout the paper, we assume that the channel coefficients are known by the receivers, but not by the transmitters, and there exists a perfect synchronization between cooperative nodes. Finally, the receiver combines multiple signals with maximal ratio combination. The normalized capacity of cognitive relay network can be expressed as [15] .
( ) 
where P s is the transmission power of the cognitive source and P r is the transmission power of the cognitive relay. We assume P s = P r and P s + P r = P, is the allowable total power, 
Outage Probability of Cognitive Relay Networks
The outage probability of cognitive relay network is investigated in this section. In non-cognitive relay networks, the outage event will occur when channel capacity I falls below R. Therefore, the outage probability is defined as P out = Pr (I < R), where R is the required data transmission rate for the source. However, in cognitive relay networks, it is important to consider the activity of the primary user and the detection error at the cognitive user. In this paper, we modify the above definition of outage probability, in which the outage occurs when the following three cases meet:
Case 1: When the primary user is inactive and the cognitive source makes a correct decision, the outage event occurs if I < R.
Case 2: When the primary user is inactive, but the cognitive source makes a wrong decision and remains silent.
Case 3: When the primary user is active, but the cognitive source loses it. In this case, cognitive source continues transmitting data, the outage event happens when I < R.
It is obvious that the above three cases do not include the case that the primary user is active, and the cognitive source makes a correct decision and remains silent, which we cannot call as outage because it is a proper usage of the spectrum.
Using the total probability law, the outage probability of cognitive relay network can be obtained as follows:
Let ˆi H ,
denote the decision result of energy detection at the cognitive source, where 0 H and 1 H correspond to the decision that primary user is inactive and active respectively. τ is the spectrum sensing time, k denotes the fusion rule threshold and meets with 1 k M ≤ ≤ . M is the number of cognitive users to participate in cooperative spectrum sensing. η stands for the decision threshold of energy detector. 
The received information of cognitive destination includes signal, noise, as well as interference from the primary user due to the sensing error of cognitive source in case 3. Let signal interference ratio be 
The total outage probability of cognitive relay network can be expressed as 
The outage performance optimization problem with cooperative sensing is formulated to minimize the outage probability of cognitive relay network by using τ, k and η as the optimization variables subject to adequate protection given to the primary user, as shown by the following:
where P D is the minimum probability of detection that the fusion center needs to protect the primary user. Given detection probabi- rule threshold k k =  and the detection threshold η, A and B are constants and greater than zero. Therefore, formula (7) becomes the function with parameter τ. Making the first derivative of P out (τ) with respect to τ, we can obtain: 
can be achieved by making the first derivative of ( ) 
where ( ) . Therefore, we can obtain that there exists an optimal sensing time to make ( )
The optimal sensing time, which can minimize the outage probability of cognitive relay network, can be obtained when the equality constraint in formula (7) is satisfied. Given the sensing time τ, detection threshold η and the number of secondary users M, the outage probability can be formulated as a function with respect to fusion rule threshold k. 
a and b are constants and greater than zero. The outage probability optimization problem of cognitive relay network can be turned into
Making the first derivative of ( ) P out k with respect to k, we can obtain (14) It is noted that a and b are positive constants, and a < 1. When
, there exists an optimal fusion rule threshold to minimize the outage probability of cognitive relay network, and meet (15) The optimal fusion rule k opt -out-of-M fusion rule can be achieved from formula (15) , which is given as
where x     denotes the smallest integer not less than x. We can find that the outage performance of cognitive relay network can be further improved by optimizing fusion rule threshold k.
Performance Evaluation
In this section, computer simulation results are presented to evaluate the outage performance of cognitive relay network. We have set . Assuming that the modulated signal bandwidth of primary users is 6 MHz, then the sample frequency is set to 6 MHz s f = . Figure 3 shows the comparison of analytical and simulated outage probability. We have set the signal to noise from primary user is 17 dB p = − γ . Figure 3(a) illustrates the outage probability for high SNR, Figure 3 It is easy to see that the outage probability decreases with the increase of M at the same k. Furthermore, there exists an optimal k for different M to minimize the outage probability of cognitive relay network. Therefore, optimal fusion rule could optimize the outage performance of cognitive relay network. AND rule, Optimal fusion rule) is superior to that of non-cooperative sensing. Furthermore, the outage performance based on optimal fusion rule is the best. From Figure 6 (b), it is observed that there is different optimal sensing time opt τ for different p γ to minimize the outage probability of cognitive relay network. In addition, for different sensing schemes, the optimal sensing time is different. The optimal sensing time opt τ based on optimal fusion rule is the smallest, then opt τ based on non-cooperative sensing scheme is the biggest.
From Figure 5 , we know that the optimal fusion rule is 3-out-of-5 fusion rule when M = 5, 17 dB p = − γ . In Figure 7 , we show the outage probability of cognitive relay network versus sensing time for different sensing schemes. One can see that there is optimal sensing time to minimize the outage probability of cognitive relay network for different sensing schemes. Furthermore, the outage performance based on cooperative sensing schemes outperforms that of non-cooperative sensing scheme. Obviously, the outage performance based on 3-out-of-5 fusion rule is the best.
Conclusion
In this paper, we have theoretically analyzed and simulated the outage performance of cognitive relay network by considering cooperative spectrum sensing technology. Extensive simulation and numerical results show that the derived expression of outage probability matches the simulated results at high SNR region. Our idea proves that the outage performance of cognitive relay network can be significantly improved by optimally designing spectrum sensing duration and fusion rule threshold. It is noticed that when the received signal to noise ratio of primary user measured at the secondary receiver is different, there exists a different optimal fusion rule to minimize the outage probability of cognitive relay network. Last but not least, the outage performance based on cooperative sensing outperforms that of non-cooperative sensing. 
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